Antibody engineering in mammalian cells offers the important advantage of expression and screening of libraries in their native conformation, increasing the likelihood of generating candidates with more favorable molecular properties. Major advances in cellular engineering enabled by CRISPR-Cas9 genome editing have made it possible to expand the use of mammalian cells in biotechnological applications. Here, we describe an antibody engineering and screening approach where complete variable light (V L ) and heavy (V H ) chain cassette libraries are stably integrated into the genome of hybridoma cells by enhanced Cas9-driven homology-directed repair (HDR), resulting in their surface display and secretion. By developing an improved HDR donor format that utilizes in situ linearization, we are able to achieve >15-fold improvement of genomic integration, resulting in a screening workflow that only requires a simple plasmid electroporation. This proved suitable for different applications in antibody discovery and engineering. By integrating and screening an immune library obtained from the variable gene repertoire of an immunized mouse, we could isolate a diverse panel of >40 unique antigen-binding variants. Additionally, we successfully performed affinity maturation by directed evolution screening of an antibody library based on random mutagenesis, leading to the isolation of several clones with affinities in the picomolar range.
Introduction
Due to their enormous and versatile targeting potential, monoclonal antibodies play a dominant role in biopharmaceutical drug discovery and development. 1, 2 Several platforms exist for antibody discovery and engineering, such as phage 3 and yeast 4 display, which enable high-throughput generation and screening of massively diversified libraries (10 9 -10 11 ). 5, 6 However, phage and yeast display typically only allow for expression of antibody fragments (e.g., single-chain variable fragment and fragment antibody binding domains), which in the context of therapeutic antibodies require subsequent conversion to full-length IgG. Since correct folding, stability and post-translational modifications are all important for drug development properties, the possibility to engineer antibodies in a mammalian host offers a substantial advantage in terms of developability. 7 However, the exponentially lower throughput of mammalian transfection or genomic integration, 8 when compared to microbial transformation, still represents an intrinsic limitation of mammalian screening platforms.
Targeted genome editing using CRISPR-Cas9 9 has recently enabled a plethora of applications in mammalian cell engineering. 10, 11 For example, when providing a suitable repair template, double-stranded breaks (DSB) induced by Cas9 can be repaired via homology-directed repair (HDR), resulting in the targeted integration of transgenes. 12 However, the cellular DNA repair machinery is naturally biased toward the alternative and more efficient response to DSB, non-homologous end joining (NHEJ), 13 which results in insertions and deletions (indels). Substantial efforts have therefore been invested to devise strategies that would alter this intrinsic preference, including targeted silencing of fundamental proteins involved in the NHEJ pathway, [14] [15] [16] [17] chemical inhibitors 18, 19 and cell cycle synchronization. 20, 21 Notably, HDR improvement has been obtained by optimizing the parameters for donor DNA design, with linear singlestranded DNA generally outperforming double-stranded DNA donors. 22, 23 One of the most noteworthy examples is the use of recombinant adeno-associated viral vectors (rAAV) as HDR donors for therapeutic cell engineering, where targeted knock-in efficiencies up to 40% have been observed. 24, 25 The field of directed evolution and protein engineering could also benefit from highthroughput genome editing, as recently high-efficiency HDR (>30%) was achieved using degenerate single-stranded oligonucleotide (ssODN) donors to generate site-directed mutagenesis libraries. 26 Chemical synthesis of ssODNs, however, is typically limited to a maximum of 200 nucleotides, which is not suitable for the integration of antibody variable gene libraries (>400 bp).
We recently developed a mammalian cell platform, referred to as plug-and-(dis)play (PnP) hybridomas, in which the genome of hybridomas is reprogrammed by CRISPR-Cas9 HDR for the expression of a recombinant antibody of choice. 27 Here, we present an innovative workflow for the generation, display and selection of full-length IgG libraries using this system. We take advantage of an improved HDR plasmid donor format that uses in situ linearization to substantially increase Cas9-driven integration efficiency. In one application, we used this approach to generate a fulllength IgG immune library by cloning the V L and V H genes from the plasma cells of a mouse immunized with the model antigen ovalbumin (OVA). Screening of this combinatorial variable gene library resulted in the isolation of more than 40 unique antigen-binding variants. Next, we used our enhanced Cas9 HDR approach to perform affinity maturation of a previously known antibody that recognizes the model antigen hen egg lysozyme (HEL). 27 In this case, a random mutagenesis library was generated by error-prone (EP) PCR on the V H region, which was then cloned and integrated in PnP cells by HDR. With a library size of <10 4 , five improved variants were successfully isolated by screening, each of them exhibiting affinities toward HEL in the low picomolar range. The results presented here show that enhanced Cas9-driven HDR can be used for important applications in antibody discovery and engineering.
Results

Development of a plasmid donor for enhanced Cas9-driven HDR
We previously established the PnP-mRuby hybridoma cell line, in which expression of the endogenous light chain IgK was abolished by Cas9-induced deletion of the V L region, and the endogenous V H region was exchanged by HDR with the fluorescent reporter mRuby gene. 27 Reprogramming of these hybridoma cells to express a novel antibody was performed by targeting mRuby for HDR exchange with a synthetic antibody (sAb) construct ( Figure 1a ), which when integrated correctly splices with the native heavy constant region C H 1 exon, thus leading to surface-display and secretion of a full-length antibody molecule. 27 Results obtained in this context showed that linear double-stranded (ds) DNA donors were more efficiently integrated via HDR compared to plasmid DNA. However, donor generation via PCR is laborious, resourceintensive and not always reliable, often yielding an insufficient amount of material; additionally, even with high-fidelity polymerases, the possibility still exists of errors being introduced during amplification. Moreover, when a pool of different genetic elements is to be amplified by PCR (which is the case for variable gene libraries), amplification biases 28 can be introduced, thus altering or reducing the diversity of the starting library. We therefore hypothesized that an efficient alternative way to deliver a linearized template would be to rely on nuclear Cas9 cleavage to produce such a donor in situ.
We introduced the same Cas9 guide RNA (gRNA) sequence targeting mRuby into a sAb HDR donor plasmid. The rationale behind this approach is the expected scenario where, upon plasmid entrance into the nucleus of the cell (following electroporation), the co-transfected gRNA complex would mediate Cas9 cleavage and subsequent linearization. Since the same gRNA target site is used for the genomic reprogramming step, Cas9 would in parallel also cleave mRuby without the need to transfect a second gRNA. At this point, a linearized donor would therefore be available for HDR. The use of this HDR donor is particularly beneficial when coupled with a version of the PnP-mRuby cells constitutively expressing Cas9 26 (Figure 1b ). To verify this hypothesis, we started from the original PnP plasmid HDR donor encoding the antibody HEL23, which is specific for the model antigen HEL. We generated three alternative plasmid versions where the Cas9 mRuby target sequence (gRNA-J, including protospacer adjacent motif) is either: 1) immediately upstream of the 5ʹ homology arm (pPnP-lin5ʹ), 2) immediately downstream of the 3ʹ homology arm (pPnP-lin3ʹ), or 3) on both sites (pPnP-lin5ʹ/3ʹ) ( Figure 1c ). After Cas9-mediated cleavage, the first two versions were expected to yield a construct of the same size as the original plasmid, but linear, while the third format would produce a smaller donor, essentially comparable to the PCR product. When incubated in vitro with recombinant Cas9, the modified plasmids confirmed this rationale: in the case of pPnP-lin5ʹ and pPnP-lin3ʹ, the majority of the plasmid substrate was linearized, with the cleaved plasmid producing a band migrating above the supercoiled uncut plasmid DNA. In the case of pPnP-lin5ʹ/3ʹ, two different outcomes were observed: while a fraction of the substrate underwent a single cut at either gRNA site (upper band), simultaneous cleavage at both sites could be observed as well, yielding two smaller products of the expected size ( Figure 1c ).
We next used PnP-mRuby cells to assess the HDR performance of the three plasmid variants compared to the original plasmid and the PCR product. HDR could be quantitatively measured by flow cytometry by detecting the percentage of cells that gained antibody expression while losing mRuby expression. For each sample, we transfected equimolar amounts of DNA ( Figure 1d ). All three in situ linearized donors (bottom row) performed significantly better than both the original plasmid and the PCR product, with pPnP-lin5ʹ proving to be the most efficiently integrated, with HDR rates >5% ( Fig. S1 ). Despite the fact that both donors are constituted of linear dsDNA, pPnP-lin5ʹ performed more than two-fold better than the PCR product, and more than 15-fold better than the original, non-linearized plasmid ( Figure 1e ). Because of the substantial improvement in terms of HDR efficiency, we selected pPnP-lin5ʹ as the most suited donor format for subsequent experiments.
Antibody discovery from immune libraries with enhanced Cas9 HDR
In order to test the applicability of the improved PnP-HDR workflow for antibody discovery purposes, we generated a combinatorial immune library by cloning into the PnP-lin5ʹ scaffold V H and V L genes derived from the bone marrow plasma cells of a mouse immunized with OVA ( Figure 2a ). The bone marrow plasma cell repertoire of immunized mice has previously been shown to be enriched with antigenspecific variable genes that are expressed at high abundance. 29 We therefore reasoned that generating fulllength IgG libraries from this rather small B-cell compartment and displaying them with our system might serve as an ideal Figure 1 . Enhanced Cas9-driven HDR by designing a self-linearized donor plasmid. (a) Schematic shows the PnP workflow to reprogram mRuby hybridomas to express a selected antibody following incorporation of a recombinant synthetic antibody in the V H locus. 27 (b) Optimized workflow in which a version of the PnP-mRuby cells constitutively expressing Cas9 26 is used together with an HDR donor plasmid harboring a recognition site for the same Cas9 gRNA that is used to cleave mRuby (protospacer adjacent motif is indicated in red). Following entry of the plasmid and the gRNA complex into the nucleus, Cas9, which is also targeted to the nucleus due to its nuclear localization signal, is recruited to both induce a DSB in the genomic mRuby coding sequence and linearize the plasmid, rendering it more prone to integration by HDR. (c) In vitro testing of plasmid cleavage by recombinant Cas9. Three versions of the self-linearizing plasmid were generated, bearing the cleavage site upstream of the 5ʹ homology arm (pPnP-lin5ʹ), downstream of the 3ʹ homology arm (pPnP-lin3ʹ) and at both sites (pPnP-lin5ʹ/3ʹ). As expected, in the first two cases Cas9 cleavage produced a linearized construct, while the double-cut plasmid underwent both single cleavage at either site or simultaneous cleavage at both, resulting in a shorter construct. (d) Exemplary flow cytometry dot plots show evaluation of HDR integration. The improved plasmids were compared to the unmodified plasmid (pPnP) and to the PCR-linearized donor (PCR). HDR efficiency is evaluated in terms of surface antibody expression 3 d after transfection. (e) Fold improvement of HDR rates of all the linearized donor formats compared to the mean of unmodified plasmid. HDR efficiency is quantified as described in (d). The plot is representative of n = 3 replicates and the error bars indicate standard deviation. Flow cytometry dot plots of all replicates are shown in Figure S1 . test case and, if successful, might offer an alternative to traditional hybridoma generation.
Total RNA was extracted from plasma cells (~2.1 × 10 4 cells) and reverse transcribed to cDNA, followed by multiplex PCR amplification of V L and V H regions (as described in the Methods section). The V H and V L gene pools were cloned in the PnP-lin5ʹ scaffold in a stepwise manner: a V L library was initially obtained, and subsequently provided the backbone for the introduction of the V H repertoire (Figure 2a ) thus creating a combinatorial library of~5.1 × 10 6 transformants in E. coli. Multiple electroporations of HDR donor were pooled together and~3.6 × 10 5 cells were initially sorted for positive surface IgG expression (see Methods section); this cell population constitutes the effectively integrated library size. Three subsequent OVA enrichments followed by a de-enrichment step for potentially fluorophorespecific clones yielded a progressively pure pool of antigenpositive cells. Closer analysis of flow cytometry data revealed multiple populations had emerged, indicative of the wide variability in terms of antigen binding. After the third OVA enrichment, the observed positive fraction was higher than 80% ( Figure 2b) ; the "3 rd OVA enrichment" plot shows the cells after a final purification step, in which clones potentially specific for the fluorophore conjugated to the antigen were depleted (Fig.  S2a ). Finally, as a terminal library screening step, single-cell clones were isolated and expanded for further characterization. The flow cytometry profiles of five representative clones are shown in Figure 2c .
Characterization of a panel of antigen-specific antibodies
Antigen-specific clones were defined phenotypically on the basis of antigen binding by ELISA and genotypically by the presence of a unique V H amino acid sequence (Figure 3a and Figure S4 ). Applying these parameters, 41 unique antibodies were identified. The lineage tree in Figure 3a shows a discrete level of V H sequence heterogeneity among the clones, which differed substantially on the basis of V-germline gene usage, complementary-determining region (CDR)H3 sequence identity and length and number of somatic hypermutations, demonstrating that various different clonal lineages are represented. Additionally, contributing to this high level of sequence heterogeneity, we found 34 different V L chains, five of which could pair with more than one specific V H ( Figure S3 ). Figure 3b shows the antigen-binding profiles by ELISA of the five representative clones (also displayed in Figure 2c ) chosen on the basis of phylogenetic distance (indicative of sequence diversity). Analysis of the remaining pool of 36 clones is provided in Figure S4 .
Generation and Cas9-based integration of random mutagenesis libraries
Next, we aimed to determine if enhanced Cas9-driven HDR could also be used for the engineering of antibodies. We generated a random mutagenesis library by performing errorprone (EP) PCR on the V H region of the antibody clone HEL23, specific for the antigen HEL. The starting HEL23 V H was amplified from the original PnP-HEL23 donor plasmid by EP-PCR, and cloned in the pPnp-lin5ʹ vector in place of the original V H (Figure 4a ). Multiple EP-PCR conditions were tested, allowing us to define the desired range of substitutions for the final library: to maximize the variability, we proceeded with the highest mutation rate, 9.4 mutated nucleotides (nt)/kilobase (kb) (3.3/V H gene, Figure 4b ). A final library of 8,000 transformants was obtained, with a mutational rate similar to what was previously observed (Figure 4b ). Among 30 sequenced transformants, 13.33% encoded for the original V H and 16.67% contained loss-offunction mutations (Fig. S7a ). Subtracting the original and dysfunctional genes, the library was calculated to yield 5,600 in-frame, functional variants. In order to ease the evaluation of possible deleterious effects of random mutations, the library was transfected in parallel with the pPnP-HEL23 5ʹlinearized plasmid (pPnP-lin5ʹ, also referred to as Control library). Figure 4c shows the cells after being transfected and before any selection step. The fact that the same pool of cells, stocks of reagents and amount of donor plasmid were used suggested that similar integration rates between the control and the EP library would be expected. Thus, if we assume that both samples had a~5% integration rate, the 2.86% IgG positive fraction of the EP library would imply that onlỹ 60% of the clones produced a functional IgG (Figure 4c ). Taking into account the number of transfected cells, and the IgG positive fraction, we estimated a total size of approxi-mately~120,000 cells with a functionally expressed antibody, which would represent a 20-fold oversampling of the bacterial transformant library.
Antibody affinity maturation with mammalian display screening
Among the IgG + clones in the EP library, a HEL − population (~10%) emerged (Figure 4d , IgG enrichment plots), likely due to mutated V H that lost specificity. Compared to the IgG + enriched fraction of the Control library (Figure 4d , left plot), the HEL + bulk of the EP library showed a broader distribution, indicative of heterogeneity in terms of affinity. We reasoned that potential affinity-matured clones would exhibit improved HEL binding with little variation in IgG expression; this guided our gating strategy for two rounds of fluorescence-activated cell sorting (FACS) enrichment ( Figure 4d , first and second HEL enrichment). The enrichment outputs of both HEL sorting steps were used for single-cell sorting in order to recover monoclonal populations. Fifty-three single-cell clones were genotyped, finally yielding five unique amino acid variants, labeled as HEL23 variant (v) 1-5 ( Figure S5c ). Figure 5a shows a summary of the coding mutations of all variants with regard to the original HEL23 amino acid sequence. All the clones except HEL23v3 had mutations in one CDR, with CDRH2 being the most prominently mutated. Next, the five clones were further characterized; both flow cytometry ( Figure 5b ) and ELISA (Figure 5c and S5b) demonstrated that all variants exhibiting an improved antigen-binding profile. Finally, a bio-layer interferometry (BLI) kinetics assay was performed on purified IgG; equilibrium dissociation constants (K D ) showed that all five clones had improved affinity to the original HEL23, with HEL23v2, v3 and v4 exhibiting the sharpest improvement (4-5 folds, Figure 5d and S6).
Deep sequencing of Cas9-integrated antibody mutagenesis libraries
In order to more comprehensively explore and characterize the diversity of antibody libraries generated by enhanced Cas9 integration, we performed deep sequencing on the V H region at the various enrichment steps, including the IgG + control library. Deep sequencing allowed us to determine how the selected affinity-matured variants were represented in the overall mutagenesis repertoire. As expected, the frequencies of HEL23v1, v2, v4 and v5 were all substantially enriched whereas the original HEL23 was depleted following selection ( Fig. S7e ). HEL23v3 sequence was not found in IgG + library Figure S5a . (c) Supernatant ELISA comparing HEL binding for the five isolated variants (green) with wild-type HEL23 (black). Supernatants were adjusted to equal IgG-concentration ( Fig. S5b) . Two technical replicates were included for each of the mutated variants and one for the controls (PnP-HEL23 and PnP-mRuby-Cas9), and a five-parameter logistical curve was fitted to the data by nonlinear regression. For each data point, the mean is represented and the error bars indicate standard deviation. PnP-mRuby-Cas9 cell supernatant was used as negative control. (d) Affinity values of wild-type HEL23 and the five isolated variants obtained by bio-layer interferometry (BLI). The curves and fitting values are reported in Figure S6 . (e) Heatmap shows enrichment of all possible substitutions for each WT residue (x-axis) in the HEL + library compared to IgG + library in a log2-fold change scale. Red substitutions are enriched in the HEL + library, while blue substitutions are depleted. White squares (log2 ratio = 0) indicate neutral substitutions not impacted by enrichment, or residues in which the mutation rate is negligible. The mutation rate for each position was calculated by summing the mutation frequency of all replicates (n = 3) for each condition. Key residues found in affinity-matured clones are indicated with black boxes.
but was found to be fourth most frequent V H after HEL + sorting, further supporting effective enrichment (Fig. S6f) . Notably, after HEL + enrichment, all of the five affinitymatured V H sequences ranked among the top 10 clones in abundance. Finally, we set out to evaluate the mutational trend across the amino acid sequence of HEL23 V H by comparing the frequency of all possible substitutions at every position along the amino acid sequence in the IgG + pool and after the first HEL + sorting. Mutagenesis and selection did not seem to have preferential targeting, although mutations in framework (FR) 1 region appear to be quite relevant for affinity maturation (Figure 5e ). The heatmap illustrates the level of enrichment (red) or depletion (blue), as a consequence of antigen selection. Notably, some of the hallmark mutations of the five affinity-improved clones are among the most represented substitutions for the residue of interest (S91G (HEL23v1), Q5P (HEL23v2), C22S (HEL23v3), G53S (HEL23v4 and v5); Figure 5e ).
Discussion
Antibody discovery in mammalian cells offers the possibility for expression in their native, full-length IgG format, thus providing access to the physiological protein folding and posttranslational modification machinery, which in comparison to microbial systems offers a superior approach to assess their drug developability parameters. 7, 30 Several mammalian display platforms have been previously developed, [31] [32] [33] [34] [35] [36] [37] [38] but due to the inherently limited throughput, none of them has achieved the widespread adoption of microbial display systems. 5 In order to overcome limitations in Cas9-driven HDR, we designed an HDR donor architecture that incorporated linearizing motifs in the backbone, similarly to what was reported before; 39 when applied to PnP cells, integration efficiencies of variable gene libraries were observed to be above 5% (Figure 1d ), a 15-fold improvement over the yield of the original donor ( Figure 1e ). Interestingly, the engineered plasmid performed better even when compared with PCRlinearized DNA. It is possible, in this regard, that circularized donors are better protected from the intracellular exonuclease-based degradation machinery, 40 resulting in sustained circular donor levels in the nucleus available for linearization and subsequent integration. Furthermore, from the point of view of practicality, such a linearizing plasmid format is easy to produce and purify from bacterial culture compared to the costly and demanding production and purification steps used for viral (rAAV) constructs.
As a first application, we tested our enhanced Cas9 HDR approach for antibody discovery from a library of combinatorial V L and V H genes extracted from the murine bone marrow plasma cell compartment of an immunized mouse (Figure 2 ). Bone marrow plasma cells of immunized mice have previously been shown to possess highly abundant V L and V H genes that correspond to antigen-specific clones. 29, 41 As previously shown, 26 integration by HDR in our hybridoma system occurs in a manner that does not show any substantial bias toward specific templates; thus, the plasmid HDR donor library diversity after cloning should reflect the diversity after HDR. Moreover, due to the requirement of splicing with the endogenous IgG constant region to achieve functional expression, and to the presence of only one mRuby-IgG2c locus in the PnP cells, 27 we expect no aberrant background expression from residual, non-integrated plasmid or random genomic integration. Consequently, each correctly edited cell will express one single antibody.
PnP screening by flow cytometry resulted in a large panel of antigen-specific hybridoma cell lines. The whole process of mouse organ preparation, cloning, library generation and PnP screening was considerably rapid (4-6 weeks). Furthermore, the isolation of 41 unique variants (based on V H amino acid sequence) across several different lineages (CDRH3 clonotypes) demonstrates that a diverse panel is obtained by PnP library screening. In contrast to traditional hybridoma antibody discovery, which consists of fusing primary memory B cells with a myeloma partner and performing plate-based screening, our approach offers several advantages in terms of speed and ease of screening and selection. Furthermore, antibody genes can be isolated from plasma cells, which may offer a unique compartment of antibody diversity, and, due to their high polarization toward antigen-specific variable genes, it may be possible to recover natural pairings at least for the most frequent clones by combinatorial screening. 42 While the limited number of plasma cells used to generate the library results in a relatively low diversity library, the high enrichment of antigen-specific clones makes it compatible for screening and discovery. In the future, deep sequencing of the input plasmid library, initial cell library as well as sequential enrichment rounds will provide more characterization and quantitation of library diversity. 43 In recent years, novel single-cell methodologies based on droplet microfluidics have been adapted to screen naturally paired V L and V H genes by yeast display. [44] [45] [46] A similar approach of cloning natural V H :V L pairs into our synthetic antibody HDR scaffold would offer an attractive way to functionally screen antibody repertoires in mammalian cells.
We used enhanced Cas9-driven HDR in PnP cells for antibody engineering, in particular for affinity maturation of a previously identified antibody (HEL23) that was specific for the HEL antigen 27 (Figure 4 ). We performed EP-PCR on the V H region of HEL23 and following Cas9 HDR integration and PnP library screening, we were able to isolate five affinity-matured variants (HEL23v1-5, Figure 5 ). The C22S mutation in the PnP-HEL23v3 clone was unexpected, since it likely caused a disruption of the disulfide bond in the V H domain, which would lead to decreased protein stability and expression levels 47 (Figure 5b ). However, wide range intrachain contacts could potentially mitigate this effect, 48 which may be the reason why expression of this variant was still observed. Due to the current lack of a co-crystal structure, it remains to be determined how this mutation exactly translates into an increase in affinity. Deep sequencing of our libraries allowed us to more thoroughly interrogate library diversity, selection and enrichment and uncover mutational preferences, which all suggested that PnP screening was a robust approach for antibody engineering. It is reasonable to expect that additional mutagenesis libraries, such as extension of EP-PCR to the V L , variable region shuffling, 49, 50 and combining the beneficial mutations of different clones could also be successfully integrated for PnP screening. Importantly, compared to the most common strategies for affinity maturation using phage and yeast display to express antibody fragments, our PnP system presents the fundamental advantage of selection in the native mammalian cell IgG context, which may further aid in the selection of candidates with favorable drug development parameters.
Materials and methods
Hybridoma cell culture conditions
PnP-mRuby-Cas9 cells were obtained as previously described. 26 All hybridoma cell lines were cultivated in highglucose Dulbecco's Modified Eagle Medium ((DMEM), Thermo Fisher Scientific (Thermo), 61965-026) with GlutaMAX™ supplement, supplemented with 10% (v/v) fetal bovine serum ((FBS), Thermo, 16000-044), 100 U/ml penicillin/streptomycin (Thermo, 15140-122), 10 mM HEPES buffer (Thermo, 15630-056) and 50 μM 2-mercaptoethanol (Thermo, 31350-010). Hybridoma cells were maintained in incubators at a temperature of 37°C and 5% CO 2 , typically in 5 ml of culture in T-25 flasks (TPP, 90026) and passaged every 48/72 h. The PnP-mRuby-Cas9 cell line was confirmed annually to be negative for mycoplasma contamination (Universal Mycoplasma Detection Kit, ATCC, 30-1012K).
Preparation of the test HDR donor formats and in vitro testing of Cas9 cleavage
The PnP-lin donor plasmids were generated by adding the CRISPR RNA-J 27 target sequence (including the PAM sequence) by Gibson cloning directly 5ʹ of the upstream homology arm of the HEL23 HDR vector, 3ʹ of the downstream homology arm, or in both sites in a stepwise manner. The PCR product was prepared with the primers reported in Table S1 and the following cycling conditions: initial denaturation 3 min at 95ºC; 23 cycles of denaturation at 98ºC (20 s), annealing at 65ºC (15 s), elongation at 72 C (2 min); final elongation at 72ºC (3 min) . In order to test if PnP-lin donor plasmids were recognized and successfully linearized by the Cas9 nuclease, an in vitro digestion assay was set up in a total reaction volume of 30 μl as follows: 16 μl of nuclease-free water (Thermo, AM9937) were mixed with 3 μl of NEBuffer 3.1 (NEB, B7203), 6 μl of 300 nM crRNA-J/tracr RNA complex (final concentration of 60 nM) and 2 μl of 1 μM Cas9 nuclease (NEB, M0386; final concentration of 60 nM) and the mixture was incubated for 10 min at 25°C in order to prepare the RNP complex. 3 μl of 30 nM plasmid DNA were added (final concentration of 3 nM) and samples were incubated for 60 min at 37°C. 1 μl of Proteinase K (NEB, P8107) was added and samples were incubated for another 20 min at room temperature before fragment analysis was performed by agarose-gel electrophoresis on a 1% (w/v) gel using the SDScontaining gel loading dye purple (NEB, B7024S) in order to dissolve residual Cas9-DNA complexes.
Mouse immunization and plasma cell isolation
All mouse experiments were performed under the guidelines and protocols approved by the Basel-Stadt cantonal veterinary office (Basel-Stadt Kantonales Veterinäramt Tierversuchsbewilligung #2582). One female BALB/c mouse (Janvier Laboratories France, 10 weeks old), housed under specific pathogen-free conditions and maintained on a standard chow diet, was repeatedly immunized subcutaneously on day 0, 21 and 49 into the flank with 150 μl of a PBS (Thermo, 10010023)-based solution consisting of 100 μg ovalbumin (Sigma, A5503) and 20 μg monophosphoryl lipid A (MPLA) adjuvant (Sigma, L6895; formulated according to the manufacturer's instructions in dimethyl sulfoxide (G-Biosciences, 786-1323)). The mouse was sacrificed 9 d after the final boost and both hind legs (femur and tibia) were isolated and stored in cold RPMI-1640 medium (Sigma, A10491-01) supplemented with 10% (v/v) FBS (Thermo, 16000-044), 100 U/ml penicillin/streptomycin (Thermo,15140-122) and 50 μM 2-mercaptoethanol (Thermo, 31350-010). The bones were flushed with cold 1:20 (v/v) MACS BSA Stock Solution (Miltenyi Biotech, 130-091-376) in autoMACS Rinsing Solution (Miltenyi Biotech, 130-091-222) to extract bone marrow, which was subsequently filtered through a 40 μm nylon cell strainer (Falcon, 352340) in order to obtain a homogenous single-cell suspension. Bone marrow plasma cells were subsequently purified from a total of 7.38 × 10 7 single cells using the CD138 + Plasma Cell Isolation Kit mouse (Miltenyi Biotech, 130-092-530) according to the manufacturer's instructions. Buffer volumes used were based on 1 × 10 8 starting cells. 21060 plasma cells were obtained after purification and cells were frozen in 750 μl TRIzol reagent (Thermo, 15596026) at −80°C until further use.
Generation of immune libraries for HDR donors
Total RNA was extracted using the PureLink RNA Mini Kit (Thermo, 12183025) following the 'TRIzol Plus RNA Purification Kit' manual (TRIzol reagent, Thermo, 15596026). Complementary DNA (cDNA) was synthesized via reverse transcription using Maxima Reverse Transcriptase (Thermo, EP0741) and Oligo (dT) as reverse primer (Thermo, SO131). 59.5 ng RNA were used as template in three parallel reactions, which were incubated at 50ºC for 30 min and at 85ºC for 5 min, following manufacturer's instructions, and finally pooled. In order to obtain the library scaffold plasmid pPnP-lin5ʹ-AarI, two consecutive stop-codons were inserted into the beginning of the HEL23 V L gene in order to prevent background expression and an AarI restriction site was cloned in place of the V H gene in the HEL23 pPnP-lin5ʹ plasmid using the Gibson Assembly® Master Mix (NEB, E2611S). V L genes were amplified using the Kapa HiFi HotStart Ready Mix (Kapa Biosystems, KK2602) using the primer mix reported in Table S2 , with the following cycling conditions: initial denaturation 3 min at 95ºC; 27 cycles with denaturation at 98ºC (20 s), annealing at 50ºC (15 s) and final elongation at 72ºC (20 s); final elongation at 72ºC (1 min). The amplified V L -repertoire was cloned into the PnP-lin5ʹ-AarI scaffold plasmid by Gibson assembly to replace the HEL23 V L region and the library quality was assessed by colony PCR (24/24 clones had a new V L inserted). The total V L transformant library size oversampled the starting plasma cell number by a factor of 4.
In a second step, the V H -repertoire was amplified with Kapa HiFi HotStart Ready Mix using the primer mix reported in Table S3 , with the following conditions: initial denaturation 3 min at 95ºC; 27 cycles with denaturation at 98ºC (20 s), annealing at 60ºC (15 s), elongation at 72ºC (30 s); final elongation at 72ºC (1 min). The amplified V H -repertoire and the previously created PnP-lin5ʹ-V L library were restriction digested with AarI (Thermo, ER1581) and the backbone was additionally dephosphorylated using Antarctic Phosphatase (NEB, M0289S). Ligation was performed with T4 DNA ligase (NEB, M0202S) and the quality of the final library was assessed by Sanger sequencing (for 28 clones, all of them had unique V L and V H and no premature stop-codons or frameshift mutations were detected). The final library size was 5.09 × 10 6 transformants. Both the intermediate and final libraries were transformed in electrocompetent E. coli cells and purified by midiprep (Zymo Research, D4200) from liquid cultures.
Generation of the EP-PCR V H libraries for HDR donors
To clone the test libraries, 100, 250 or 500 ng of pPnP-HEL23 were used to amplify the V H region with the GeneMorph II EZClone Domain Mutagenesis Kit (Agilent, 200552) following manufacturer's instruction and using the primers reported in Table S4 . This kit contains Mutazyme II, an enzyme blend which combines the activity of a novel Taq DNA polymerase and Mutazyme I DNA polymerase; such a mixture is optimized to yield minimal bias toward certain substitutions due to the opposite mutational spectra of the two polymerases. 51 Since the mutational rate is expected to be adjustable by varying the amount of PCR template, we initially cloned three test libraries in order to explore different conditions ( Figure 4b ). The libraries were generated using 100, 250 or 500 ng of plasmid template. The following cycling conditions were used: initial denaturation 2 min at 95ºC; 30 cycles with denaturation at 95ºC (30 s), annealing at 65ºC (30 s), elongation at 72ºC (1 min); final elongation at 72ºC (10 min). The product was purified by agarose-gel extraction and 300 ng were used as a template for a second PCR with Kapa HiFi HotStart Ready Mix, with the following cycling conditions: initial denaturation 3 min at 95ºC; 20 cycles with denaturation at 98ºC (20 s), annealing at 65.6ºC (15 s), elongation at 72ºC (15 s); final elongation at 72ºC (25 s). Each insert library and the pPnP-lin5ʹ-AarI scaffold were restriction digested with AarI (Thermo, ER1581) and purified by gel extraction, and the digested backbone was subsequently treated with Antarctic Phosphatase (NEB, M0289S) prior to ligation with T4 DNA ligase (NEB, M0202S).
The test libraries were transformed in electrocompetent E. coli cells and single bacterial colonies were sequenced from each library to estimate the mutational rate. As expected, the lowest amount of template led to the highest mutational rate, 9.4 mutated nucleotides (nt)/kilobase (kb) (3.3/V H gene, Figure 4b ), with the mutation frequency decreasing with increasing amounts of template. This condition (100 ng of template) was selected to generate the final library. In this case, the mutagenic PCR step yielded a sufficient amount of product for the subsequent restriction digestion step, and the second PCR was not included. The final library was transformed in XL10-Gold ultracompetent cells (GeneMorph II EZClone kit) by chemical transformation, and finally purified by midiprep from liquid cultures.
Transfection of PnP hybridoma cell lines
The transfection protocol was adapted from the previously published procedure; 26, 27 hybridoma cells were electroporated with the 4D-Nucleofector™ System (Lonza) using the SF Cell Line 4D-Nucleofector® X Kit L (Lonza, V4XC-2024) with the program CQ-104. 1 × 10 6 cells were isolated by centrifugation (90 xG, 5 min), washed with 1 ml of Opti-MEM® I Reduced Serum Medium (Thermo, 31985-062) and centrifuged for a second time. The cells were finally re-suspended in 100 μl of total volume of nucleofection mix, containing 500 pmol of cr: tracrRNA complex and the HDR donor diluted in SF buffer. Alt-R® crRNA and tracrRNA were obtained by IDT. The cr: tracrRNA complex was prepared by complexing 500 picomoles (pmol) of crRNA with 500 pmol of tracrRNA, incubating at 95ºC for 5 min in a thermal cycler and cooling down at room temperature. The mRuby CRISPR target J, previously published, 27 was used throughout all the experiments reported in this work; the Alt-R® crRNA was designed to incorporate modifications observed to improve stability and editing efficiency. 52 The crRNA was ordered as follows: mG*mU*mC*rArUrGrGrArArGrGrUrUrCrGrGrUrCrArAr-GrUrUrUrUrArGrArGrCrUrArU*mG*mC*mU (2ʹO-methyl 3ʹphosphorothioate modifications at the three terminal nucleotides on both ends). To test the improved PnP-lin plasmids, 18.22 μg of plasmid or 10 μg of PCR product (equivalent molar amount), were transfected to test each condition. For the immune and EP-PCR libraries, 17-20 μg of plasmid were used for each transfection (1 x 10 6 ). For the immune library, 14 transfections were pooled together, while for the EP-PCR library 4 transfections were pooled together. Pooling was typically performed 24 h after transfection.
Flow cytometry analysis and sorting of hybridomas
Flow cytometry scanning and sorting experiments were performed, respectively, with the BD LSR Fortessa TM and BD FACS Aria TM III (BD Biosciences). For cell staining, 5 × 10 5 cells were isolated by centrifugation, washed with cold PBS (Thermo, 10010-015) and centrifuged again. Labeling mixes were prepared in 50 μl/sample by diluting the staining reagents in PBS at the working concentrations described in Table S6 . The cells, resuspended in labeling mix, were incubated for 30 min on ice, protected from light, and finally washed 2-3 times with PBS by centrifugation. All the centrifugation steps in the labeling protocol were performed at 250 xG for 5 min at 4ºC. When labeling a higher number of cells, the amount of reagents was adjusted accordingly by maintaining a 100 μl labeling mix/1 x 10 6 cells ratio.
Supernatant ELISA
Sandwich ELISAs were used to measure antibody secretion and assess the antigen specificity of the secreted IgG. Plates were coated with the capture reagent (antigen or anti-IgK antibody) at a concentration of 4 μg/ml in PBS overnight (O/N) at 4ºC, and subsequently blocked with PBS supplemented with 2% (m/v) milk (AppliChem, A0830) and 0.05% (v/v) Tween-20 (AppliChem, A1389) (PBSMT). To prepare the hybridoma supernatants, the cells were centrifuged at 250 xG for 5 min, the supernatant isolated and syringe filtered (0.22 μm). For the analysis of the affinity-matured HEL23 clones ( Figure 5 and S5),~3.5 x 10 6 cells were isolated from each sample and normalized to a volume of 2 ml; for the anti-OVA clones, an equal volume of culture was isolated for each sample, but any further normalization was omitted. The supernatants were serially diluted 1:3 down the plate in PBSMT and incubated for 1 h at room temperature. Anti-IgK-HRP secondary antibody was used for detection in antigen ELISAs, while anti-IgG-Fc was used in antibody secretion ELISAs. The 1-Step Ultra TMB-ELISA Substrate Solution (Thermo, 34028) was used for signal development, and the reaction was stopped with 1 M H 2 SO 4 . The signal was finally measured by reading the absorbance at 450 nm (Infinite® 200 PRO, Tecan). The working concentrations and other relevant specifications of the ELISA reagents are reported in table S7.
Genotyping and Sanger sequencing of single-cell hybridoma clones
Typically, genomic DNA of single-cell hybridoma clones was extracted from 5 × 10 5 cells using the QuickExtract DNA Extraction Solution (Epicenter, QE09050). Cells were incubated at 68°C for 15 min and 95°C for 8 min and the integrated synthetic V L -Ck-2A-V H antibody region was PCRamplified with flanking primers sAb_fw and sAb_rev that were specific for the 5ʹ and 3ʹ homology arms. From this single amplicon, both V H and V L regions could be Sangersequenced using primers VH_fw and VL_fw, respectively (Microsynth, Balgach). Primers are reported in Table S8 .
Sequence analysis was performed after trimming the initial and terminal amino acids, as the length of the trimmed region varied according to the primer set in use (VL or VH) to exclude artifacts due to preferential primer binding during multiplex PCR amplification.
Affinity measurement by bio-layer interferometry (BLI)
Total IgG was purified from 2.5 to 4 ml of culture with NAb™ Protein G Spin Columns (Thermo, 89953) and buffer exchanged with PBS with Slide-A-Lyzer™ MINI Dialysis Devices (Thermo, 69560). Kinetics measurements were performed using the Octet RED96e and anti-mouse Fc Capture (AMC) biosensors (Pall FortéBio, 18-5088). Briefly, 6.25 µg/ ml of purified antibody were loaded on sensors for 10 min, then underwent association with HEL at decreasing concentrations of 8, 2 and 0.5 nM (10 min) and dissociation (10 min); the assay was performed in Kinetics Buffer (Pall FortéBio, . Association and dissociation curves are shown in Figure S6 .
Deep sequencing
Genomic DNA (gDNA) was isolated from 5 × 10 6 cells per sample with the PureLink genomic DNA Mini kit (Thermo, K182002). The protocol for library preparation was adapted from previously published work. 26, 53 For each replicate, 7200 ng of gDNA were amplified with Kapa HiFi HotStart Ready Mix, split in 8 50 µl reactions, with the primers reported in Table S5 (step: PCR1). The following cycling conditions were used: initial denaturation 3 min at 95°C; 16 cycles with denaturation at 98ºC (20 s), annealing at 69ºC (15 s), elongation at 72ºC (12 s); final elongation at 72°C (25 s). The eight reactions were pooled and underwent a first purification with the DNA Clean & Concentrator kit (Zymo Research, D4033) and an additional clean-up step with SPRIselect beads (Beckman Colter, B23319) with a 0.8X beads to sample ratio. The whole purified product was used as template for the second PCR (Illumina indexing) using Kapa HiFi HotStart Ready Mix, split in 8 50 µl reactions, with the primers reported in Table S5 (step: PCR2). The following cycling conditions were used: initial denaturation 3 min at 95°C ; 2 cycles with denaturation at 98ºC (20 s), annealing at 40ºC (15 s), elongation at 72ºC (1 min); 14 cycles with denaturation at 98ºC (20 s), annealing at 65ºC (15 s), elongation at 72ºC (1 min); final elongation at 72°C (5 min). The eight reactions were pooled, underwent a first purification with the DNA Clean & Concentrator kit (Zymo Research, D4033) and a final clean-up step by agarose-gel extraction with Zymoclean TM Gel DNA Recovery kit (Zymo Research, D4001).
DNA concentration was determined using a Nanodrop2000c spectrophotometer (Thermo) and the quality was confirmed with a fragment analyzer (Advanced Analytical Technologies) using the DNF-473 Standard Sensitivity NGS fragment analysis kit. Samples successfully passing quality control were pooled to reach a final concentration of 4 nM, and sequenced on the Illumina MiSeq platform using the reagent kit v3 (2 x 300 cycles, paired-end) with 10% PhiX control library spiked in. For each sample, raw reads were paired and annotated using the MiXCR platform (https://mixcr.readthedocs.io/en/master/). 54 Statistical analysis was performed with the software GraphPad Prism and R.
Informatics and statistical analysis
ELISA data, HDR improvement rate ( Figure 1 ) and mutation frequency in EP-PCR libraries (Figure 4b) were analyzed with GraphPad Prism. Lineage trees of V H and V L sequences of the anti-OVA clones (Figure 3a and S3a) were generated using Geneious. Germline gene usage information, CDR3 sequences and amino acid mutations were obtained with the IMGT/ V-quest online tool (http://www.imgt.org/IMGT_vquest/ vquest). 55 
